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Introduction
Salmonella is the leading cause of foodborne gastroenteritis worldwide, resulting in significant morbidity, mortality and economic cost. 1 Salmonella is a highly diverse genus of zoonotic organisms, serologically classified into over 2600 serovars. The Salmonella genus is divided into two major species, Salmonella enterica and Salmonella bongori. S. enterica is considered the most pathogenic as the genome contains both Salmonella Pathogenicity Islands 1 and 2 (SPI1 and SPI2). S. enterica is further differentiated into six subspecies: enterica (Subspecies I), salamae (II), arizonae (IIIa), diarizonae (IIIb), houtenae (IV), and indica (VI). Nontyphoidal Salmonella (NTS) infections are primarily caused by serovars within Subspecies I, with S. enterica subspecies enterica serovar Typhimurium (STM) being a leading cause of foodborne outbreaks in many countries, including Australia. However, over 200 other serovars have been also reported as causal agents of NTS, including some that are unique to Australia. 2, 3 Prevalence of Salmonella serovars differs significantly between continents. For example, S. enterica subspecies enterica serovar Enteritidis is the most commonly detected serovar in Europe and North America, whereas STM predominates in Australia and New Zealand. [4] [5] [6] [7] The public health, food safety and trade implications of foodborne Salmonella are such that a highly sensitive and specific surveillance system is required to ensure rapid detection and characterisation of foodborne outbreaks. The introduction and often complete replacement of traditional culture for Salmonella with culture-independent diagnostic testing (CIDT) as the front-end method of detecting Salmonella in stool samples has presented several challenges to public health laboratory surveillance. 5, [8] [9] [10] The reliance of all current CIDT platforms on a single gene target for the detection of a diverse pathogen such as Salmonella has raised important questions regarding ability of these CIDTs to detect uncommon serovars or emerging variants. As CIDTs become more widely used for Salmonella diagnosis, they become, in some cases, the only signal of a potential outbreak and the need for reflex culture. Therefore, any loss in CIDT sensitivity can have serious consequences for the diagnosis of individual cases as well as recognition and management of outbreaks.
Although PCR based techniques are considered extremely sensitive, rapid evolution within PCR targets has been documented for other pathogens. Mutations or indels can occur within CIDT primer and probe target regions and depending on the location of these mutations, CIDT sensitivity can be diminished and, in some cases, result in false negative results. For example, the sole reliance on CIDT to diagnose the highly conserved bacterium Chlamydia trachomatis is an example of the shortcomings of CIDT only testing algorithms. 11 In 2006, it was reported that a C. trachomatis variant was circulating and this variant harboured a deletion in the PCR primer target region contained within the cryptic plasmid. 11 This highly conserved multi-copy plasmid had been thought to be the ideal diagnostic target as it offered increased sensitivity for detecting C. trachomatis. However, emergence of a variant harbouring a deletion within the cryptic plasmid caused a complete loss of sensitivity in the majority of commercial CIDTs, resulting in the ongoing transmission of C. trachomatis and an increased number of severe sequalae after unrecognised and prolonged C. trachomatis infections. 12 These false negative results for patients with variant C. trachomatis infections were only noted after a significant decrease in the incidence of C. trachomatis triggered an investigation by public health authorities. After the variant was identified it was found to be circulating for numerous years in sexual networks across the world. The response to this CIDT system failure was to design an additional C. trachomatis PCR target. The vulnerability of CIDT to generate false negative results due to nucleotide dissimilarity has led to the recommendation that a two-target system is needed for all frontline infectious disease CIDT assays. 13 Despite this the current Salmonella CIDTs are often reliant on a single PCR target region.
Whole genome sequencing (WGS) provides the ultimate resolution to correctly identify outbreak clusters and detect food or environmental pathogen reservoirs. 14, 15 This ability triggered the rapid uptake of WGS as the preferred approach for public health surveillance of salmonellosis resulting in accumulation of genome sequence data. This genomic data provides an opportunity to examine variability of molecular targets employed by different CIDT platforms in the context of locally circulating Salmonella serovars. In this study we examined the variability in CIDT targets and the robustness of current CIDTs systems utilizing a comprehensive Salmonella genome collection spanning more than two summer seasons in New South Wales (NSW), Australia. 
Materials and Methods

Bioinformatic analysis of sequenced genomes.
De-multiplexed sequencing reads with >1x10 7 reads per isolate were trimmed 16 , based on a minimum quality read score of 20, then de novo assembled using SPAdes (version 3.13.0). 17 The quality of de novo assemblies was assessed with Quast (5.0.2) 18 , only assemblies with <200 contigs and N50 > 50,000 bp were included in further analysis. MLST and serovar were inferred from final contigs using the Salmonella enterica pubMLST scheme (https://github.com/tseemann/mlst) and SISTR. 19 The contigs were annotated with Prokka (version 1.13.3). 20 Core genome analysis was conducted using Roary: the pan genome pipeline (version 3.12.0). 21 Maximum-likelihood phylogeny of the pangenome was generated using the General Time Reversable (GTR+R4) model with IQ-TREE (version 1.6.3). 22 Phylogeny and metadata were visualised with Microreact 23 and Inkscape (https://inkscape.org/). CIDT gene targets invA , spaO and ttrA were extracted from contigs using in-house Perl scripts and BLAST+. 24 CIDT target genes from the closed reference genome Salmonella enterica subsp. enterica serovar Typhimurium str. LT2 (GeneBank Accession AE006468.2) were used as a reference. All CIDT nucleotide sequences extracted from isolate contigs were aligned to the reference using MAFFT. 25 SNPs were called by their comparison to the reference genome using SNP-sites. 26 SNP differences and the length of PCR target genes were used to calculate the dissimilarity index (SNP/Kbp) for each gene, however truncations were not included in SNP/Kbp calculations (gene lengths: invA 2065 bp, spaO 912 bp and ttrA 3063 bp). Entropy at each position within PCR target genes was measured from the PCR gene target alignments using the formula H(l) = åf(b,l)log(base 2) f(b,l). The core gene sequences including the gene targets ttrA, spaO, and invA for all 3165 isolates were deposited in the NCBI (BioProject PRJNA596817) (Supplemental Table 1 ).
Primer and probe design and assessment. High homology regions of the PCR target genes
(ttrA, spaO, and invA) were extracted from reference genomes of ten common causal serovars of Salmonellosis; Typhimurium, Enteritidis, Newport, Saintpaul, Virchow, Infantis, Hedelberg, Montevideo, Javiana, Muenchen and Braenderup. The reference Salmonella enterica genomes for these serovars were downloaded and the target gene sequences were extracted as outlined in the bioinformatic analyses described above (NCBI accession numbers for reference genomes: AE006468. Supplemental Table S2 .
Results
Phylogenomic comparison of
To examine CIDT target nucleotide diversity, we divided the genomes into four groups Supplemental Table S2 . 
Entropy of CIDT target genes. Entropy of CIDT target regions indicated that nucleotide
dissimilarity was dispersed across the length of the sequence (Figure 3 ). Clear regions of conservation were seen in the 3'end of invA and 5'end of spaO genes sequences. However, polymorphisms were present throughout the ttrA nucleotide sequence. In addition, 16 of the genomes had truncations in 5' and 3' end of the ttrA nucleotide sequence with the length of truncation ranging from 60 to 3035 bp (median length 1337 bp). However, these same genomes had lower quality assembly metrics compared to the genomes from the entire collection. The medium number of contigs in the 16 assemblies that contained a truncated ttrA gene sequence was 99.5 (34 -135 ) as compared to that of the entire genomes analysed at 78 Table S3 ). Therefore, these truncations may have resulted from de novo assembly errors.
Nucleotide diversity in primer and probe targets.
In silico prediction of primer and probe targets for each gene was performed using regions of PCR target genes homologous amongst ten common Salmonella enterica serovars. Predicted gene sequences and oligonucleotide parameters are specified in Table 1 . Entropy across the RT-PCR amplicon for each gene target is depicted in Figure 3 . Table 2) . Subspecies II-IV account for around 1% of Salmonellosis cases reported each year in Australia.
Temporal trends in Australian non-typhoidal
Discussion
WGS is being increasingly utilized to investigate outbreaks of Salmonella and to accurately identify food and environmental sources of infection. This high-resolution approach has greatly enhanced the speed and accuracy of public health interventions ensuring food safety. Genome sequencing data collected as part of prospective public health surveillance has also enabled the ongoing sensitivity of foodborne outbreak surveillance to be determined and monitored, as described in the present study. Public health authorities have raised concerns that the increasing reliance on CIDTs as the only tool to detect pathogens responsible for foodborne disease will significantly reduce the sensitivity of public health surveillance systems as serotyping and WGS require salmonella to be isolated by solid medium culture. 8, 9, 28 The replacement of conventional culture with CIDT reduces the number of isolates available for WGS and therefore the ability of public health laboratories to identify and control outbreaks of salmonellosis. In Australia, it has been reported that 12 -18% of Salmonella positive stool samples are identified based solely on CIDT testing. 8, 29 In North America and Canada, Salmonella positive stool samples are reflectively cultured after a positive Salmonella CIDT at public health laboratories in an attempt to boost the number of Salmonella isolates available for WGS. Australia has not yet widely adopted reflex culture after a positive Salmonella CIDT however it may be required to maintain the current WGS based surveillance systems. 5, 10 The CIDT platforms offer highly automated 'swab to result' systems with high throughput, rapid turnaround time and reduced testing costs. However, most commercial assays offer a single PCR target for Salmonella detection, with the specific primer and probe target sequences difficult to uncover as they are commonly proprietary. In this study we systematically interrogated three genes used as PCR targets by different CIDT platforms including ttrA (LightMix Modular Salmonella CE-IVD, Roche/TIB MOLBIOL) 30 , spaO (BD Max) 31 and invA 32 should be noted that current CIDT may have diminished sensitivity to detect the less common S. enterica subspecies with potential for emergence as human pathogens, especially isolates from predominantly zoonotic Subspecies IV and VI. 24 Amongst the individual genes, entropy across PCR targets suggests that the spaO gene may contain a more conserved PCR target region, while other targets may be affected by dissimilarity across the entire gene. In particular, truncations of ttrA gene region were present in a small number of genomes. The ttrA gene encodes tetrathionate reductase Subunit A and is part of the ttrRSBCA operon required for tetrathionate respiration and located in close proximity to Salmonella Pathogenicity Island 2.
The integration of virulence factors or other evolutionary pressures may increase the variability in this particular CIDT target, but these truncations will need to be validated in other datasets to exclude bioinformatic assembly errors.
Truncations aside, the effect of polymorphisms in oligonucleotides on assay sensitivity is difficult to assess and can be greatly affected by a number of parameters. Generally, the largest sensitivity losses are seen with mutations at the 3'end of primer sequences. 33 However, the composition of the mismatched base also plays a role as purine-pyrimidine mismatches are generally less detrimental than purine-purine/pyrimidine-pyrimidine polymorphisms. 27, 34, 35 More general considerations are also important, including the master mix composition and the number of multiplexed primer and probe combinations. Generally, the more primer pairs included in a multiplex reaction the greater the loss of sensitivity for the mismatched primer set, particularly in poly-microbial intestinal infections. These observations are especially relevant and important as prediction models indicate that even a small loss of PCR sensitivity could be detrimental to outbreak detection.
In Simpson's index of Diversity was multiplied by a factor of 50 to aid visual representation on the graph above.
